A silver/Coomassie brilliant blue R-250 staining technique that permits a color-coded differentiation of erythrocyte membrane proteins, sialoglycoproteins, and lipids in a single one-dimensional NaDodSO4/polyacrylamide gel has been described. Gels stained first with silver stain and then with Coomassie blue (CB) showed the characteristic blue staining of all conventional CB-sensitive membrane polypeptides, whereas periodic acid-Schiff reagent-sensitive sialoglycoproteins and lipids stained yellow. Several yellow Ag-stained bands corresponding to major and minor sialoglycoproteins were detected at Mr x 10-3 of 88, 72, 65, 41, 35, 31, 28, 24, and 20. Neuraminidase treatment of intact erythrocytes caused shifts in the electrophoretic mobilities of several yellowstained bands without affecting the CB-stained polypeptide pattern. These observations afforded evidence that the yellowstaining bands were sialoglycoproteins and lipids. The doublestaining technique was used in a topological analysis of the membrane surface of the erythrocyte using protease digestion and selective solubilization. Trypsin cleaved the yellow bands at Mr 88,000 and 41,000. Membrane-associated cleavage products were noted at Mr 58,000 and 38,000. Pronase treatment of intact cells gave membrane-associated cleavage products at Mr 38,000 (yellow) and two CB-stained bands at Mr 58,000 and 60,000. These results suggested that the double-staining technique may be applicable in compositional and topological analyses of other biological membranes.
The successful application of NaDodSO4/polyacrylamide gel electrophoresis as a technique for resolving complex mixtures of macromolecules has particularly enhanced the compositional and topological analysis of biological membranes. One consistent problem encountered in these studies, however, is the nonavailability of simple and sensitive methods for selective detection of the different classes of membrane constituents present in the same gel. Coomassie brilliant blue R-250 (CB) and periodic acid-Schiff (PAS) reagent staining of proteins and sialoglycoproteins (1), respectively, permit visualization of only one major class of membrane constituents in parallel gels. In addition, important compositional and topological information on trace membrane components are often lost because of the low sensitivity of these stains. Alternatively, covalent radioactive ligand labeling of membrane constituents has been used extensively to augment the sensitivity of macromolecule detection in gels (2) (3) (4) (5) .
We now report a silver/CB double-staining technique that permits a simple color-coded detection and direct visualization of human erythrocyte membrane proteins, sialoglycoproteins, and lipids in the same gel without recourse to radioisotopes. The technique to be described uses silver staining of gels first and then CB staining. It differs significantly from
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the recent double-staining protocol described by Irie et al. (6) . In their description, Ag stain was used after CB to essentially increase the sensitivity of trace protein detection in gels without benefit of chemical selectivity. Conversely, our technique stains all the conventional CB-sensitive peripheral erythrocyte membrane polypeptides and the anion channel (band 3, Steck's nomenclature; see ref. 7) blue, whereas the sialoglycoproteins and lipids stain with Ag (yellow) in the same gel.
The effect of neuraminidase treatment of intact erythrocytes on the double-stained gel pattern of ghosts was used to decode the color differential and to provide experimental evidence for our assignment of the yellow color to sialoglycoproteins. We further used trypsin and Pronase digestion of intact erythrocytes to show specific applications of this technique in cell-membrane surface analysis.
MATERIALS AND METHODS
Materials. The following reagents were purchased from Sigma: N-acetylneuraminic, acid (AcNeu), soybean trypsin inhibitor, neuraminidase (type VIII; lot 129C80851) purified from Vibro cholerae, and molecular weight protein standards. Trypsin L-(tosylamido 2-phenyl)ethyl chloromethyl ketone was obtained from Worthington. Pronase-CB was bought from Calbiochem and silver-stain kit was purchased from Bio-Rad. All other chemicals used were of the highest grade available, and glass distilled deionized water was used throughout. Heparinized blood samples were obtained from normal healthy volunteers. All gave informed consent.
Isolation of Erythrocytes. Heparinized whole human blood was routinely filtered through a bed of cotton wool to remove platelets and leukocytes (8) . Erythrocytes were sedimented by centrifugation at 1000 x g for 5 min and then washed 3 times in 5 mM Tris HCl/140 mM NaCl/1.0 mM EDTA/0.1 mM phenylmethylsulfonyl fluoride (PhMeSO2F), pH 7.4, at 0-4°C.
Trypsin and Pronase Treatment of Intact Erythrocytes. Isolated intact erythrocytes were washed 3 times in 5 mM Tris'HCI, pH 7.4/140 mM NaCl. Trypsin or Pronase was added to the cell suspension (20% hematocrit) to a final enzyme concentration of 100 ,ug/ml and then incubated at 25°C for 1 hr as described (5) . Digested cells were washed 5 times in ice-cold 5 mM Tris HCl/140 mM NaCl/1 mM EDTA/0.1 mM PhMeSO2F, pH 7.4.
Neuraminidase Treatment of Intact Erythrocytes. Washed intact erythrocytes were incubated with neuraminidase as described by Aminoff et al. (9) . Cells were suspended (50% hematocrit) in 5 mM sodium acetate/140 mM NaCl/10 mM CaCl2/0.1 mM PhMeSO2F, pH 5.1, and neuraminidase was added to a final concentration of 1.1 unit per ml of packed at 1000 x g for 5 min and duplicate 25-/l clear supernatant solutions were removed for the analysis of the liberated AcNeu. The corresponding cell pellets were washed and used for ghost preparation. A parallel incubation without neuraminidase was used both as control and for hematocrit determination.
Neuraminic Acid Determination. The thiobarbituric acid method of Warren (10) as modified by Skoza and Mohos (11) was used. Twenty microliters of packed ghosts (2.2 x 108 ghosts) and 25 1ul of digest supernatant were used in the assays. All determinations were made in duplicate.
Preparation of Erythrocyte Membranes. Packed erythrocytes, control and enzyme treated, were hemolyzed in 30 vol of ice-cold 5 mM Tris-HCl/7 mM NaCl/1 mM EDTA/0.1 mM PhMeSO2F, pH 8.0, and then centrifuged at 20,000 x g for 15 min in a Sorvall RC-2B centrifuge (0-40C). Pelleted membranes were resuspended in the same buffer and washed repeatedly until creamy white.
Isolation of Integral Membrane Proteins. Ghosts were stripped of peripheral proteins by addition of 10 vol of icecold 0.1 M NaOH as described by Steck and Yu (12) . Integral membrane proteins were sedimented by centrifugation at 20,000 x g for 15 min and then washed once without suspension in hemolysis buffer. The pellet was dissolved directly in NaDodSO4 electrophoresis sample buffer (13) .
Sialoglycoprotein Preparation. One volume of ghost suspension (50% hematocrit) in hemolysis buffer was extracted with 2.5 vol of chloroform/methanol/0.1 M HCl (vol/vol; 10:10:1) according to the procedure of Hamaguchi and Cleve (14) . Sialoglycoproteins were recovered in the clarified aqueous phase. NaDodSO4/Polyacrylamide Gel Electrophoresis. Electrophoresis was carried out on isotropic 11% (wt/vol) acrylamide slab gels (16 x 18 x 0.15 cm) using the discontinuous buffer system of Laemmli (13) . A constant current of 50 mA per slab was applied until the bromophenol blue tracking dye front was about 1.5 cm from the bottom of the gel. Molecular weight protein standards used were myosin heavy chain, galactosidase, phosphorylase b, bovine serum albumin, ovalbumin, and carbonic anhydrase. Specific erythrocyte membrane polypeptide bands 1, 2, 4.1, 4.2, 5, 6, 7, and 8 were also used as internal molecular weight standards. Double Staining. The silver-staining procedure was essentially a modification of the method of Merril et al. (15) . Double deionized glass distilled water was used to prepare all solutions. Gentle mechanical agitation was used at all stages to facilitate reagent circulation. Handling of gels was minimized by using an aspirator to remove reagents and wash solutions. All staining procedures were carried out in Pyrex glass dishes (34 x 20 x 5.6 cm).
Step 1. Each gel slab was fixed in 500 ml of 40% (vol/vol) methanol/10% (vol/vol) acetic acid for 1 hr at room temperature. Residual NaDodSO4 was removed by two consecutive 30-min washes in 500 ml of 10% (vol/vol) ethanol/5%
(vol/vol) acetic acid.
Step 2. The gel was equilibrated with 200 ml of oxidizer reagent containing 3.4 mM potassium dichromate/3.2 mM nitric acid for 10 min followed by three washes with distilled water (500 ml per wash) until the background was clear.
Step 3. The gel was transferred into 200 ml of 20 mM silver nitrate for 30 min, followed by three 1-min rinses with 500 ml of distilled water to remove residual unbound silver. This was verified by the absence of cloudiness when one drop of 1 M HCO was added to 1 ml of the final rinse.
Step 4. Band development was initiated by the addition of 200 ml of warm (40'C) developer solution (0.28 M Na2CO3/ 0.008% paraformaldehyde), which was changed 2 or 3 times when it became light brown. Positively stained yellow bands and negative optical images of unstained bands appeared within 1 hr. The developer solution was decanted, the gel was rinsed with distilled water, and 200 ml of 10% (vol/vol) acetic acid was added to enhance the yellow color development. Gels were photographed on a fluorescent light box (Ladd Research Industries, Burlington, VT) using color film (Kodacolor CG 135) with orange filter.
Step 5. Each silver-stained gel was counter-stained with 200 ml of 0.1% (wt/vol) CB/25% (vol/vol) methanol/7.5% (vol/vol) acetic acid for 1 hr, destained with 25% (vol/vol) methanol/7.5% (vol/vol) acetic acid, and then photographed again in color.
One may use the silver-stain kit from Bio-Rad instead of making up the individual solutions. Similar Ag-stained patterns are observed with the Bio-Rad solutions.
Gels were loaded with samples ranging from 1.25 1LI (6.5 Ag of ghost protein) to 30 ttl of packed ghost equivalents. No difference in the double-staining pattern was observed.
RESULTS
Comparison of Stains. Fig. 1 compares gel patterns of ghosts ( Fig. 1, lanes A, D, and F) , integral membrane fraction-i.e., ghost NaOH pellets-(lanes B, E, and G), and partially purified sialoglycoproteins (lanes C and H). These gels were stained with Ag only (lanes A-C), CB only (lanes D and E), and the Ag/CB double stain (lanes F-H).
Ag Stain Only. The results show yellow staining of specific bands in ghosts (lanes A and F), integral proteins (lanes B and G), and partially purified sialoglycoproteins (lanes C and H). Negative images are also observed at specific regions of the gel (lanes A-C). These clear negative images correspond to CB-stained membrane polypeptides. This is well illustrated by comparing lanes A-C with lanes F-H.
Overdevelopment of silver-stained gels (step 4 of Ag-staining protocol) using higher paraformaldehyde concentrations, longer development time, or higher temperatures results in indiscriminate staining of all polypeptides, including the negative images (not shown). Similarly, incomplete removal of residual unbound silver before initiation of band development caused increased background and indiscriminate staining.
Careful molecular weight measurements on 11% Laemmli gels showed that the yellow Ag-stained bands migrated with apparent Mr X 10-3 of 88, 72, 65, 41, 35, and 31. In addition, 3-5 yellow Ag-stained bands were detected in the 20,000-28,000 Mr range. A prominent yellow-staining band was consistently noted in the region just beyond the bromophenol blue tracking dye front. We inferred that this was lipid. Parallel gels stained with PAS reagent showed corresponding bands at Mr X 10-3 of 88, 65, 41, and 28 and in the lipid region (not shown). The PAS staining was less sensitive and did not detect the minor yellow Ag-stained bands. These results indicated that the yellow Ag-stained bands correspond to the membrane sialoglycoproteins and lipids.
CB Stain Only. Fig. 1 (lanes D and E) shows typical CBstaining patterns of unfractionated ghosts and NaOH pellet. All conventional CB-sensitive membrane polypeptides are clearly visible in the unfractionated ghost gel in accord with published results (1, 7, 16) of ghosts, integral proteins, and the major sialoglycoproteins are shown (Fig. 1, lanes F-H) . All tive peripheral polypeptides and permits direct visualization of the transmembrane proteins. The intensity of the yellow bands relative to the CB-stained bands indicates the greater sensitivity of the Ag stain, given that the sialoglycoproteins comprise only 10% (wt/wt) total membrane proteins (17) . The yellow Ag-stained bands seen as the major constituents of the Hamaguchi and Cleve (14) extract (lanes C and H) are further evidence that the sialoglycoproteins differentially stain yellow with Ag. Fig. 2 shows the double-stained gel pattern of ghosts taken at various time intervals during neuraminidase treatment of intact cells. The zero time point sample showed specific yellow staining of all sialoglycoproteins and lipids. Correlative with the kinetics of AcNeu released from the cell surface (see Fig. 4 (Fig. 3, lanes A-C) .
Trypsin-Treated Erythrocytes. Trypsin treatment caused the disappearance of the yellow Ag-stained bands at Mr 88,000 and 41,000 (Fig. 3, lanes D and E) . Membrane-associated proteolytic products were noted at Mr 58,000 and 38,000. Trypsin did not cleave the yellow Ag-stained band at Mr 28,000 and 20,000. We observed a small diminution in the CB stain of band 3 as a result of trypsin treatment of intact cells.
Pronase-Treated Erythrocytes. Fig. 3 (lanes G-I) shows the effects of Pronase treatment on intact cells. Pronase cleaved band 3 (CB stained) and the yellow Ag-stained bands at Mr 88,000 and 41,000. Membrane-associated cleavage products were seen at Mr 60,000, 58,000 (both CB stained), and 38,000 (yellow Ag-stained). was 399.3 ± 48.0 nmol per ml of packed erythrocytes. It can be seen (Fig. 4) that 90% of bound AcNeu was released as free AcNeu, leaving 10% still present in covalent linkage.
DISCUSSION
During Ag staining of normal human erythrocyte membranes on NaDodSO4/polyacrylamide gels using a modification of the method described by Merril et al. (15), both positive and negative bands were observed (Fig. 1, lanes A-C) . On counterstaining these gels with CB, the negatively stained bands stained blue (lanes F and G) without loss of the positive yellow bands. The double-stained gel pattern of ghosts showed that the blue (CB) and yellow (Ag) bands stained in a mutually exclusive fashion. All the conventional CB-stained membrane polypeptides were present in stoichiometric amounts, suggesting that yellow Ag-stained bands represent a subclass of membrane constituents differentiated by their chemical reactivity toward the silver-stain reagents.
The yellow Ag-stained bands at Mr X (10- (Fig. 1 , lanes C and H) and migrated with identical electrophoretic mobilities under the same conditions. Second, parallel gels of ghosts stained with Ag only or with PAS reagent only showed identical bands at Mr x 10-3 of 88, 65, 41, 35, 28, and at the solvent front. However, because the Ag stain is more sensitive than PAS reagent, the former detected several minor bands not stained with PAS. In fact, the Mr 88,000 sialoglycoprotein was detected in as little as 1.25 ,ul of packed ghost. Third, we observed shifts in the Mr yellow Ag-stained bands toward lower Mr values on desialylation (Fig. 2) . The kinetics of AcNeu released correlated with shifts in Mr (compare Figs. 2 and 4) . The Mr shifts were accompanied by greater molecular size dispersion as inferred from increased bandwidths. It is unlikely that the shifts toward low Mr were due to proteolysis, because EDTA and PhMeSO2F were always included in buffers during ghost preparations. Furthermore, none of the CB-stained polypeptides present in the neuraminidase-treated samples showed any evidence of proteolysis.
Exhaustive neuraminidase treatment removed 90% of the total sialyl groups present on the cell surface, consistent with recent reports (20) . Chemical hydrolysis in 0.05 M H2SO4 at 80°C for 1 hr, however, caused complete release of all sialyl groups from ghosts. We calculated that, based on the amount of desialylated ghosts electrophoresed (15 ,l of packed ghosts), the residual sialoglycoprotein present was equivalent to 1.5 ,ul of control packed ghosts. This amount was high enough to stain yellow, which we also found (Fig.  2, lane I) . Enzymatic Fig. 3, lanes A, B, D (24) may also account for the yellow color.
With the Ag/CB double-staining format, polypeptides stained by CB and sialoglycoproteins stained by Ag can be differentially visualized in the same gel (e.g., Fig. 1, lane F) . In previous studies (5, 12) , band 3 and the sialoglycoproteins and lipids that constitute the integral membrane fractions were never directly observed simultaneously in the same gel, whereas they can be seen using double staining. Stripping the ghost of peripheral proteins also enhanced detection of various trace sialoglycoproteins that comigrated with CBstained polypeptides. For example, removal of band 5 (Mr, 43,000) permits visualization of the Mr 41,000 sialoglycoprotein (Fig. 1, lane G) . Moreover, the fidelity and sensitivity of the Ag stain in the double-stain format is as good as in monochromatic Ag-staining form. The minor sialoglycoproteins with Mr x 10-3 of 20, 22, 24, and 28 seen in gels stained with Ag only (Fig. 1, lanes A and C) are also visible in the doublestained gels (lane F).
The advantages of the double stain were exploited in a topological study of the membrane surface using trypsin or Pronase digestion and selective solubilization. In agreement with published results (5, 25) , trypsin digestion of intact cells caused the disappearance of PAS-1 (yellow Ag-stained band; Mr, 88,000) and the appearance of the yellow Ag-stained cleavage product at Mr 38,000. Trypsin also cleaved the Mr 41,000 sialoglycoprotein. The Mr 38,000 cleavage product of PAS-1 trypsinization probably represents a dimer associated with the membrane as reported (5) .
Pronase digestion caused complete hydrolysis of PAS-1 and band 3, as evidenced by the disappearance of both yellow (Ag) and blue (CB) bands in the band 3 region. The cleavage products were identified at Mr 60,000, 58,000, and 38,000. The cleavage products at Mr 60,000 and 58,000 were CB stained and derived from band 3. The Mr 38,000 yellow Ag-stained band was derived from PAS-1. Mueller and Morrison (25) identified genetic variants of band 3 (anion channel), which on Pronase treatment in intact erythrocytes yielded cleavage products at Mr x 10-3 of 60 and 63. Our results have shown that similar polypeptides (Mr, 58,000 and 60,000) are obtained when erythrocytes from some individuals are treated with Pronase.
